Recent studies have identified prevalent isocitrate dehydrogenase 1 (IDH1) codon 132 mutations (p.R132) in gliomas and acute myeloid leukemia (AML). The IDH1 mutations lead to a loss of its normal enzymatic activity and acquisition of neomorphic activity in production of a-ketoglutarate (a-KG) and 2-hydroxyglutarate (2-HG), which finally cause alterations of multiple gene expression of tumorigenesis-associated a-KG-dependent enzymes. The aim of this study was to determine whether IDH1 p.R132 mutations are involved in the carcinogenesis of hepatocellular carcinoma.
Background
Hepatocellular carcinoma (HCC) is the fifth most common cause of cancer, causing about 700 000 deaths worldwide per year [1] [2] [3] . Despite great progress in understanding the origin, development, and treatment of HCC in recent decades, the detailed molecular mechanisms have not been well characterized [2, [4] [5] [6] [7] [8] [9] . Identification of novel molecular biomarkers of HCC is crucial to the treatment and cure of this disease [6] . Recently, mutations in the isocitrate dehydrogenase 1 (IDH1) gene, which encodes the enzyme to catalyze the oxidative decarboxylation of isocitrate to a-ketoglutarate (a-KG), were identified in a variety of tumor types (Table 1) . Almost all of the mutations in the IDH1 gene were heterozygous and affected the 132nd residue (IDH1 p.R132) [10, 11] . Additionally, mutations in the homologous residues p.R172 and p.R140 in the IDH2 were also frequently observed in many types of human cancers [11] [12] [13] . IDH mutants acquired neomorphic enzymatic activity to catalyze a-KG into 2-hydroxyglutarate (2-HG), which resulted in the accumulation of 2-HG. To date, all the detected samples with IDH1 (p.R132) and IDH2 (p.R140 and p.R172) mutations invariably have shown significant accumulation of 2-HG [14] [15] [16] [17] [18] . Further studies showed that 2-HG competitively inhibited multiple a-KG-dependent enzymes, including histone demethylases, prolyl hydroxylases (PHD) and members of the ten-eleven translocation (TET) family of proteins [19] [20] [21] [22] .
Based on observations that IDH1 mutations were presented in a variety of tumors (Table 1 ) and IDH1 activity was coordinately regulated with the cholesterol and fatty acid biosynthetic pathways in hepatic cells [23] , we hypothesized that IDH1 mutations might play an active role in HCC. Previous studies failed to detect any IDH1 p.R132 mutations in patients with HCC [24] [25] [26] , but this may be due to the limited number of patients analyzed.
In this study, we aimed to characterize the possible role of IDH1 p.R132 mutations in the carcinogenesis of HCC. We first collected cancerous tissues from 87 Chinese patients with primary HCC and screened for the presence of IDH1 p.R132 mutations. We then overexpressed IDH1 p.R132 mutants in HepG2 cells and quantified the expression levels of multiple a-KGdependent enzymes and associated genes.
Material and Methods

Patients and mutational analysis
Tissue samples from a total of 87 Han Chinese patients with primary HCC were collected at the YouAn Hospital of Capital Medical University. Among them, 27 patients had both primary cancerous and adjacent normal liver tissues and 60 patients only had cancerous tissues. The criteria for pathological diagnosis of HCC were based on the results after surgical resection by 2 independent pathologists. The study conformed to the tenets of the Declaration of Helsinki and written informed consent was obtained from all patients prior to participation in the study. The institutional review boards of the Kunming Institute of Zoology and Capital Medical University approved this study.
Genomic DNA was isolated from paraffin-embedded tumor tissues (N=87) and normal tissues (N=27) that were dissected from the hematoxylin-eosin stained slides using FFPE DNA kits (Omega Bio-tek, Inc. USA). We amplified a short fragment with a size of 269 bp using primer pair hIDH1f (5'-TGCTGCAGAAGCTATAAAGAAG-3') [27] /hIDH1r (5'-GCAAAATCACATTATTGCCAAC-3'). PCR products were sequenced using the amplification primers and the Big Dye Terminator v. 3.1 Cycle Sequencing Kit (Applied Biosystems, CA, USA) on an ABI Prism 3730 DNA sequencer (Applied Biosystems, CA, USA) according to the manufacturer's manual.
Plasmid construction, cell culture, and transfection
The wild-type human IDH1 and p.R132H mutant (c.395G>A) constructs were obtained as generous gifts from Drs KunLiang Guan and Yue Xiong (Fudan University, China). We generated two IDH1 p.R132 mutants (p.R132C, c.394C>T and p.R132G, c.394C>G) based on the wild-type IDH1 by using the QuikChange Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA, USA). All constructs were verified by sequencing.
HepG2 cells were bought from the Kunming Cell Bank, Kunming Institute of Zoology, which was initially introduced from ATCC. Cells were cultured in DMEM medium with 10% fetal bovine serum (Gibco-BRL, Gaithersburg, MD) at 37°C in 5% CO 2 Table 2 . Primers used for quantitative real-time PCR.
* These primers are taken from Zhou et al. [33] ; ** These primers are taken from Zhao et al. [28] . HOXA2, HOXA4, HOXA5, HOXA6 , and HOXA7 genes are shown in Table 2 . The mRNA expression of human glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene was used as an internal control for normalization.
Western blotting
Cells were collected at 48 h post-transfection and proteins were extracted by cell lysis buffer (Beyotime Institute of Biotechnology, Jiangsu, China). Protein samples were separated on 8-12% SDS-PAGE gel and transferred onto polyvinylidene fluoride (PVDF) membranes (Roche Diagnostics, USA) using standard procedures. The membranes were blocked at room temperature for 2 h with 5% nonfat dry milk. Membranes were incubated with primary antibody against FLAG (1:2000, EneGene Biotech Co. Ltd, China), HIF-1a (1:1000, Novus Biologicals, Kittketon, Co, USA), H3K4me3 (1:5000, Abcam, UK), H3K79me2 (1:3000, Active Motif, Inc. Japan), GAPDH (1:5000, EneGene Biotech Co. Ltd, China), b-actin (1:100000, EnoGene Biotech Co. Ltd, China), and tubulin (1:10000, EnoGene Biotech Co. Ltd, China) overnight at 4°C. Membranes were washed 3 times for 10 min each and incubated for 1 h at room temperature with horseradish peroxidase-conjugated anti-mouse or anti-rabbit secondary antibody (1:10000, KPL, Gaithersburg, MD, USA). The proteins were detected using enhanced chemiluminescence (ECL) reagents (Millipore, Billerica, MA, USA).
Statistical analysis
For measurement of the expression levels of multiple a-KG-dependent enzymes and associated genes in HepG2 cells overexpressing IDH1 p.R132 mutants, each assay was independently performed at least 3 times to validate the consistency of the results. Data was presented as mean ±SD of 3 independent tests. Statistical analysis was performed with GraphPad software (GraphPad Software, La Jolla, CA, USA) with unpaired Student's t-test.
Results
Absence of IDH1 p.R132 mutations in 87 HCC patients
We sequenced the region covering IDH1 p.R132 mutations in a total of 87 Chinese patients with HCC. Among them, 27 patients were analyzed for both cancerous tissues and paired normal tissues. None of the analyzed samples were found to harbor any IDH1 p.R132 mutations (Figure 1 ). This observation is consistent with previous reports for patients from Korea and America [24] [25] [26] .
Overexpression of IDH1 p.R132 mutants in HepG2 cells did not influence the expression of a-KG-dependent enzymes and downstream target genes
Previous studies have characterized the potential mechanism of the IDH1 mutations in carcinogenesis [14, 20, 28] (Figure 2 ). To further explore whether the IDH1 p.R132 mutations (c.395G>A, c.394C>T and c.394C>G) would have an effect on the development of HCC, we first determined the level of HIF-1a protein and the mRNA expression levels of GLUT1 and VEGF genes, which were indirectly regulated by PHD and associated with the activation of the HIF-1a signaling pathway [28] . Compared with cells expressing IDH1 wild-type, all 3 mutants did not significantly increase protein expression levels of HIF-1a in HepG2 cells 
251
( Figure 3A) . The real-time PCR results showed that overexpression of all 3 mutants did not significantly increase mRNA expression levels of GLUT1 and VEGF genes in HepG2 cells ( Figure 3B ). These negative results led us to speculate whether IDH1 mutations affect the production of 2-HG in HepG2 cells. Recent reports showed that elevated 2-HG increased histone methylations and altered the expression level of HOXA genes family in cells that were overexpressed IDH1 p.R132H mutant [20, 21] . We measured the H3K4me3 and H3K79me2 proteins and the HOXA mRNA level in HepG2 cells expressing IDH1 p.R132 mutants, but discerned no effect of any of the 3 mutations on change of the histone methylation protein level in HepG2 cells (Figure 3 ). 
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Discussion
Since the initial observation that IDH1 gene mutations presented in glioblastoma multiforme [10] , a series of studies have been performed to detect the presence of such mutations in a variety of tumors. These prior studies showed that almost all mutations in the IDH1 gene were IDH1 p.R132, and none of the analyzed samples with HCC harbored IDH1 p.R132 mutations (Table 1) . Additionally, subsequent functional assays found that the mutations in the IDH1 gene might contribute to carcinogenesis via accumulation of 2-HG, which could be substantially attributed to the inhibition of a-KG-dependent enzymes.
In this study, we first detected IDH1 p.R132 mutations in Han Chinese patients with HCC, to test whether IDH1 mutations were presented in HCC. Our screening for cancerous tissues or paired cancerous and normal tissues from 87 patients showed no IDH1 p.R132 mutations (Figure 1 ). The absence of the IDH1 p.R132 mutations in HCC analyzed here and elsewhere indicate that changes at this position may not be actively involved in the pathogenesis of HCC [24] [25] [26] . Recent studies have found recurrent IDH1 mutations in cholangiocarcinoma [26, 29, 30] . However, due to the relatively limited sample size analyzed in this and prior studies [24] [25] [26] , it is still hard to draw a definite conclusion that IDH1 p.R132 mutations are not presented in HCC. Moreover, recent studies showed that all detected samples with IDH1 p.R132 mutations presented the accumulation of 2-HG [14] [15] [16] [17] [18] . Simultaneously, mutant IDH1 might also activate histone methylations and PHD downstream target genes, including HOXA genes, GLUT1, and VEGF genes [20, 28] . Based on these observations (Figure 2 ), we tested whether overexpression of IDH1 p.R132 mutants would lead to upregulation of those genes associated with the activation of the 2-HG signaling pathway, to further determine if IDH1 mutations are involved in the development of HCC. However, our measurement revealed no essential change in the expression levels of HIF-1a target genes or histone methylation marker genes in HepG2 cells with overexpression of IDH1 p.R132 mutants and wild-type ( Figure 3) . A limitation of this cellular observation is that the changes in histone methylation protein and mRNA expression levels of VEGF, GLUT1 and HOXA were, at best, secondary effects of mutant IDH1 activity. An evaluation of mutant IDH1 activity should have included the measurement of 2-hydroxyglutarate levels in cells and media to discern the direct downstream effect. Although we did not quantify the level of 2-HG in transfected cells and culture medium due to lack of required equipment, we think that it might not be altered, because no 2-HG induced genes were changed. [15, 18, 29] . We did not test whether these IDH2 hotspot mutations were involved in our samples due to the lack of sufficient DNA. Further research should be carried out to clarify this issue.
Conclusions
Taken together, we detected no IDH1 p.R132 mutation in 87 Chinese HCC samples. IDH1 p.R132 mutants might not lead to alteration of expression of these genes involved in the previously well characterized cellular pathways in HepG2 cells. Our results suggest that IDH1 p.R132 mutations are not be actively involved in HCC. Further studies should be carried out to characterize the exact role of the IDH1 and IDH2 genes in HCC and to validate our negative observations.
